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TABLE |
Single fault case - parameter estimates

US 11,137,318 B2

R L k J d

R=1.5 1.500 0.612 0.0066 0.002 0.1495
L=0.75 | 1.0022 | 0.7500 0.0099 0.0310 0.1006
k=003 | 03414 | 0.2763 0.0300 0.0057 0.03360
J =003 | 09981 | 0.7164 0.0099 0.0300 0.1002
d=10.3 3.0204 | 370.863 | 0.00333 | 397.1050 | 0.3000

TABLE Ii

Single fault case - cost value estimates

J(R) J(L) J (k) J(J) J(d)

R = 1.5 | 2.106e-06 | 10.593 0.074 [0.575 0.0466
L=0.75 | 0254 | 1.425¢06 | 0.2517 | 0.0338 0.25343
E=003 | 22711 375.27 Te-04 376.48 77435
J=0.03 | 02500 0.0306 | 0.2489 | 1.6744e-06 | 0.2497

d=0.3 0.0564 10693 | 0.0042 | 107311 | 7.7639e07

FIG. 10
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MODEL-BASED DIAGNOSIS IN
FREQUENCY DOMAIN

RELATED APPLICATION

This claims the benefit of U.S. Provisional Patent Appli-
cation No. 62/687,098, entitled “MODEL BASED DIAG-
NOSIS IN FREQUENCY DOMAIN,” filed Jun. 19, 2018,
the disclosure of which is incorporated herein by reference
in its entirety for all purposes.

BACKGROUND
Field

This disclosure is generally related to fault diagnosis of
machinery. More specifically, this disclosure is related to a
system and method for applying model-based diagnosis
techniques in the frequency domain.

Related Art

Detection and diagnosis of mechanical faults in machin-
ery can be very important in many industries. For example,
rotating machinery have found applications in a wide variety
of industries, such as aircraft, automobile, farm equipment,
industrial compressors, etc. Such machinery is often bulky
and expensive, thus making it impractical to use redundant
systems. Therefore, in-service, real-time monitoring and
fault detection is needed.

There are two types of approaches for fault diagnosis in
machinery, including model-based diagnostic techniques
and data-driven diagnostic techniques. In model-based
approaches, a model of the machinery being diagnosed (i.e.,
the system) can be provided to the diagnosis engine. Such a
model can describe the behavior of the components based on
their physical properties. Moreover, the diagnosis engine
can receive values of the parameters of the model and some
of the input and output values. The goal of the model-based
diagnosis is to determine, from only the system model and
available input/output values, whether a fault is present, and
if so, the cause of the fault. This process can require a great
amount of computation resources. On the other hand, data-
driven approaches use statistical models (e.g., classifiers or
regressors) trained with labeled data that describe the behav-
ior of the system under different fault modes. This data-
driven approach requires a large amount of data in order to
build meaningful statistical models, and such a condition
may not be easily satisfied. Moreover, the data-driven
approaches often cannot provide sufficient information for
explaining the detected system fault.

SUMMARY

One embodiment can provide a method and a system for
diagnosing faults in a physical system. During operation, the
system obtains a time-domain model of the physical system
and converts the time-domain model to the frequency
domain to obtain a frequency-domain model of the physical
system. The time-domain model can include one or more
model parameters having known values. The system also
obtains time-domain input and output signals and converts
the time-domain input and output signals to the frequency
domain to obtain frequency-domain input and output sig-
nals. The system identifies at least one model parameter
having an expected value that is different from a known
value of the at least one model parameter based on the
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frequency-domain model and the frequency-domain input
and output signals, and generates a diagnostic output indi-
cating at least one component within the physical system
being faulty based on the identified at least one model
parameter.

In a variation on this embodiment, the time-domain model
comprises at least one non-linear component.

In a further variation, converting the time-domain model
to the frequency domain includes applying a Fourier trans-
form on linear components of the time-domain model to
obtain a frequency-domain expression of the linear compo-
nents, applying a machine-learning technique to obtain a
frequency-domain expression of the at least one non-linear
component, and combining the frequency-domain expres-
sions of the linear and non-linear components of the time-
domain model to obtain the frequency-domain model.

In a variation on this embodiment, identifying the at least
one model parameter comprises one of: applying an opti-
mization algorithm, applying a particle filter formulated in
the frequency domain, and generating a fault signature
matrix using analytical redundancy relations derived from
the frequency-domain model.

In a variation on this embodiment, identifying the at least
one model parameter comprises selecting a set of frequen-
cies and performing computation in parallel for each fre-
quency within the selected set of frequencies. Output signals
of the frequency-domain model at a respective frequency
depend only on input signals at the respective frequency.

In a further variation, selecting the set of frequencies
comprises, in response to magnitude of the frequency
domain input or output signals at a particular frequency
exceeding a predetermined threshold value, adding the par-
ticular frequency to the selected set of frequencies.

In a variation on this embodiment, identifying at least one
model parameter comprises determining whether a differ-
ence between the expected value and the known value of the
at least one model parameter is greater than a predetermined
threshold.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 shows an exemplary system for establishing fre-
quency-domain models of a system-under-test, according to
one embodiment.

FIG. 2 shows an exemplary fault-diagnosis system,
according to one embodiment.

FIG. 3 illustrates exemplary computational operations of
estimating the parameters, according to one embodiment.

FIG. 4 illustrates exemplary computational operations,
according to one embodiment.

FIG. 5 presents a flowchart illustrating the exemplary
operation of a fault-diagnosis system, according to one
embodiment.

FIG. 6 shows a particle filter algorithm applied in the
frequency domain, according to one embodiment.

FIG. 7 illustrates the exemplary architecture of an ana-
Iytic-redundancy-relation (ARR)-based diagnosis engine,
according to one embodiment.

FIG. 8 shows the modeling diagram of a DC motor.

FIG. 9 shows the magnitudes of the input and output of
the DC motor in the frequency domain.

FIG. 10 displays two tables showing the optimization
results, according to one embodiment.

FIG. 11 shows the performance of a particle filter for
estimation of a single fault, according to one embodiment.
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FIG. 12 presents a table indicating the cost of the particle
filters for the various single-fault scenarios, according to one
embodiment.

FIG. 13 shows the performance of a particle filter for
estimating two fault variables, according to one embodi-
ment.

FIG. 14A shows steps in the casual assignment propaga-
tion, according to one embodiment.

FIG. 14B shows the constructed fault signature matrix
(FSM), according to one embodiment.

FIGS. 15A-15C show the computed residuals in the
frequency domain, according to one embodiment.

FIG. 16 illustrates an exemplary computer and commu-
nication system that facilitates model-based diagnosis in the
frequency domain, in accordance with an embodiment of the
present invention.

In the figures, like reference numerals refer to the same
figure elements.

DETAILED DESCRIPTION

The following description is presented to enable any
person skilled in the art to make and use the embodiments,
and is provided in the context of a particular application and
its requirements. Various modifications to the disclosed
embodiments will be readily apparent to those skilled in the
art, and the general principles defined herein may be applied
to other embodiments and applications without departing
from the spirit and scope of the present disclosure. Thus, the
present invention is not limited to the embodiments shown,
but is to be accorded the widest scope consistent with the
principles and features disclosed herein.

Overview

Embodiments described herein solve the technical prob-
lem of performing real-time in-service fault diagnosis of a
complex system, which can include mechanical and electri-
cal components. During operation, the fault-diagnosis sys-
tem can apply one or more model-based diagnostic tech-
niques directly in the frequency domain. More specifically,
the fault-diagnosis system can receive a known model of the
system in the time domain and converts the time-domain
model to a frequency-domain model. The fault-diagnosis
system can also obtain, from a number of sensors associated
with the system-under-test (SUT), sensor output values, and
converts the time-domain sensor output values to values in
the frequency domain. Similarly, corresponding input values
(e.g., operating parameters of the SUT) can also be con-
verted to values in the frequency domain. Based on the input
and output values and the model of the SUT in the frequency
domain, the fault-diagnosis system can reach a diagnosis
solution. This frequency-domain approach enables paral-
lelization of the diagnosis algorithms, because in the fre-
quency domain, the model’s algebraic equations can be
evaluated independently.

Establishing Frequency-Domain Models

In some embodiments, a time-domain model of the sys-
tem-under-test (SUT) can first be projected into the fre-
quency domain. FIG. 1 shows an exemplary system for
establishing frequency-domain models of a system-under-
test, according to one embodiment. System 100 can include
a time-domain modeling module 102 for establishing time-
domain models of the SUT, a time-domain-to-frequency-
domain model-converter module 104 for performing domain
conversion of the models, a Fourier transform (FT) module
106, and a machine-learning module 108.

In some embodiments, the time-domain model of the
system can be derived based on the physical properties of
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components in the system and is often expressed as a set of
equations, including both linear and non-linear equations. If
the SUT is a linear system, a time-domain-to-frequency-
domain model-converter 104 can convert a time-domain
model to a frequency-domain model analytically due to the
linearity property of the Fourier transform (FT) operator.
More specifically, FT module 106 can be used to perform the
corresponding FT for the model conversion. Note that many
mechanical or electrical system components have relatively
simple behavioral models, making it relatively easy to
convert these time-domain models to the frequency domain.
If the SUT includes non-linear components, one cannot
directly project the time-domain model to the frequency
domain. However, the frequency representation of the non-
linear components can be learned. More specifically,
machine-learning module 108 can be used to learn the
non-linear behavior of those non-linear components in the
frequency domain. Learning the frequency representation of
only the non-linear components can be more efficient than
learning the frequency representation of the entire system,
given that the number of non-linear components is much
smaller than the number of linear components in the system.
The process of learning the frequency representation of
the non-linear components can start with using an existing
time-domain model of those components to generate train-
ing data. A time horizon T can be chosen, which will
determine the minimum frequency the time series covers

(o = 57

In addition, a sampling period h will be chosen, which
determines the maximum frequency the time series can
include

(s = %)

One needs to choose h carefully to avoid the aliasing effect.
The total number of sample points will be

=N

The time series of the M inputs can also be generated,
denoted as {(u,', . . . uy,")},,™. These input time series
should be designed in such a way that they can excite the
non-linear component across a large number of frequencies
and amplitudes. A possible choice for such input time series
would be the pseudo-random (binary) signal (PRBS). In
addition, a set of M initial conditions {x,’},_,* can also be
chosen. Based on the time-domain model, one can use the
input time series and the initial conditions to simulate the
behavior of the non-linear components in the time domain
and record the output time series {(v,', . .. a1 )}t ™. FT
module 106 can compute the continuous Fourier transform
(CFT) of both the input and output time series, which shows
how the components respond at different frequencies and
initial conditions. Namely, the frequency representations of
the inputs, {(Uy, . . . Uy,D)}_™, and outputs, {(Y,, . . .
Y1)} ™, can be obtained. The total number of training
examples is NxM, where one example is the tuple (Y, (U,
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X,). Based on the training data, machine-learning module
108 can implement a model, which maps the input, output,
and initial conditions, and a learning algorithm. In some
embodiments, machine-learning module 108 can implement
models based on neural networks, due to their flexibility in
modeling non-linear relationships. Such models are trained
using the back propagation algorithm with its variants (e.g.,
RMSprop, Adams, etc.). The resulting model is added to the
rest of the frequency domain models of the linear compo-
nents, achieving a model capable of describing the fre-
quency behavior of the entire SUT.

To be used with the frequency-domain model, measured
signals (e.g., input and output signals) need to be converted
to the frequency domain by applying the FT operator. In
some embodiments, FT module 106 can also be used to
convert the measured input and output signals from the time
domain to the frequency domain.

Like in the time domain, the system model in the fre-
quency domain can include a set of algebraic equations.
More specifically, these algebraic equations need to be
satisfied for all frequencies. However, since the frequency
band is limited by the sampling period of the input/output
signals and the length of the time window for which the FT
is computed, only a finite number of frequencies need to be
considered.

Performing fault diagnosis in the frequency domain can
provide a number of advantages. For example, for certain
SUTs (e.g., rotating machinery), certain fault signatures
(e.g., vibrations) can be better emphasized in the frequency
domain. Moreover, in the frequency domain, the diagnosis
algorithms can be parallelized since the model’s algebraic
equations can be evaluated independently for different fre-
quencies. The parallelization of the diagnosis algorithms can
significantly reduce the time for reaching a diagnosis solu-
tion.

In one example, the SUT’s behavior can be described by
the following dynamic equations in the time domain:

x=41,(p)x+d2(p)z+B, (p)u, X(0)=x0, (6]

0=A(p)x+d 2 (p)z+B:(p)u, @

y=Ci@p+Cy(p)z, 3

where x is the state vector, z is the vector of algebraic
variables, u is the vector of inputs, y is the vector of outputs,
and p is the vector of system parameters. Note that the
time-domain model of a system may have different forms,
depending on the physical properties of its components and
relationships among the components within the system.

One can assume that there exists a non-empty set 7, so
that if p&7 Equations (1)-(2) have a unique solution over
some time interval [0, T]. If A,, is invertible, one can
eliminate algebraic variables z=—A,,"'(A, x+B,u), and
obtain a linear ordinary differential equation (ODE) x=Ax+
Bu. In some embodiments, the algebraic variables can be
kept to preserve the behavior description of each compo-
nent. In some embodiments, FT module 106 can apply the
CFT to Equations (1)-(3) and obtain a set of algebraic
equations in the frequency domain:

[jol-4,(p))X(0)-4,5(p)Z{jm)-B,(p) Ujjo)=x,, (©)]

A 1 (D)X )+A 2 () Z(j0)+B>p) Uj0)=0, ®

Y(jo)-C, (p)X(w)-Cs (p) Z(jw)=0. Q)

The above set of equations, in fact, represents an infinite set
of'equations because they have to be satisfied at each (linear)
frequency f, where w=2nf is the angular frequency. For
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6

simplicity of expression, this disclosure sometimes omits the
linear or angular qualifiers when referring to f and o,
respectively. The behavior of the SUT can be observed
through output measurements represented as time series.
Their representation in the frequency domain can be
achieved by computing their discrete Fourier transform
(DFT). More specifically, FT module 106 can perform the
DFT on the output measurements. When the time series is
represented as a finite number of samples, the CFT can be
approximated by

N-1
Y(j) by yee ik,
k=0

where h is the sampling period and Nis the number of
samples. By evaluating the previous expression at discrete
frequencies

n

f=nfy= Ni

for n=0, one can approximate the CFT by the discrete FT
(DFT):

. & e 1
)(/won)::h}’d(n):h;ykef N,w1thw0:27rf0:27rm.

The accuracy of the approximation depends on the sampling
period h and the number of samples N. Shorter period and
larger N can increase the approximation accuracy.

In some embodiments, FT module 106 can apply the DFT
to approximate the CFT of the finite time series that corre-
sponds to the output measurements as well as the input
signals. The frequency-domain representations of the inputs
and outputs can be used in concert with the frequency-
domain model of the SUT. However, the CFT of the mea-
sured outputs cannot be directly compared to the simulated
outputs in the frequency domain, even when ignoring the
approximation errors. This is because the CFT of the simu-
lated output is computed over the entire time domain. For
example, assume that input signal u is known up to time T
only; therefore, when performing the DFT, FT module 106
can first use zero padding for all times greater than T. When
this input is used in the model, the simulated output contains
a transient period after T that is captured in the theoretical
CFT from the model. However, this is not the case when
computing the DFT of the measured output since the output
samples can be obtained up to time T only. Hence, in
addition to performing the CFT, FT module 106 needs to
correct the CFT of the model output.

Let ¥,(t) be the response of the model to the input signal
known up to T. The model response after T is the impulse
response (zero input) of the SUT with initial conditions
recorded at time T, namely x(T), delayed by T seconds.
Formally, this can be expressed as ¥,(t)=C,X+C,%, where

X=A,,8+4 % F0)=x(T)

0=As F+A 5.



US 11,137,318 B2

7

Therefore, the model output whose CFT is compared to the
approximate CFT of the measurement vector is ¥(t)=¥,(t)-
Yo(t=T). The Fourier transform of ¥,(t) is given by

Hjo)=1 (jo)-e7=TTyjo) M
Note that to evaluate the previous expression one needs to
know the state values at T, i.e., x(T). For a large enough T,
however, the significance of the second term in Equation (7)
is reduced and we can ignore it.

Theoretically, the model equations in the frequency
domain should be satisfied for all possible frequencies. In
practice, when computing the DFT, one only needs to
consider N frequencies of the form w,=2nnf,, with

1

fo=

Hence, the comparison between the measured and simulated
outputs can be done for N frequencies only. Even among
these N frequencies, some of them may not be informative
since they contain no energy and thus can be discarded,
reducing the number of frequencies at which the comparison
needs to be performed. More importantly, the comparison at
each frequency can be done independently, leading to the
possibility of parallel implementation of at least part of the
diagnosis related computations.

In some embodiments, the fault-diagnosis system can be
configured to consider only parametric faults. This means
that the system detects fault by detecting changes generated
by drifts in the parameter values. This is not as constraining
as it may seem. Moreover, a variety of parameterized fault
models can be developed based on the physics of failure. In
some embodiments, an initial nominal model of the SUT can
be augmented with different fault modes, each mode
depending on one or more parameters. The types of faults
introduced are domain-dependent. In some embodiments,
the fault-diagnosis system can detect faults in a number of
domains, including but not limited to: electrical (short, open
connections, parameter drifts), mechanical (broken flanges,
stuck, torque losses due to added friction, efficiency losses),
and fluid (blocked pipes, leaking pipes) domains.

Optimization-Based Fault Detection

FIG. 2 shows an exemplary fault-diagnosis system,
according to one embodiment. Fault-diagnosis system 200
can include a parameter-estimation module 202, an FT
module 204, a parameter-comparison model 206, and a
diagnosis-result-output module 208. Parameter-estimation
module 202 is responsible for estimating the parameters of
the SUT using field data, including input signals and output
measurements. The field data is represented by input and
output time series of length N over the time interval [0, T],
sampled at sampling period h (T=hN). More specifically, the
input and output time series can be expressed as {u,},_" "
and {y,},_,""", respectively.

FT module 204 can compute the approximate CFT of the
time series and generate the frequency series {U } .~ and
1Y}, ~", where Y,=Y(jw,,) with

10

15

20

25

30

35

40

45

50

55

60

65

8

as the input for the frequency-domain
1

USing {Un}n—ON_l ¥
model, we can compute the simulated output {Y, },_,~
according to Equation (7). A cost function can be defined as

.
Jp) = WZ:/:OI Jup),

where I (p)=|Y,e=Y,PHIY, =Y, |F. The terms Y,
and Y, are the real and imaginary parts of Y, , respectively,
and p is a vector of system parameters estimated by param-
eter-estimation module 202. In some embodiments, param-
eter-estimation module 202 computes the parameters as the
solution of the non-linear least-square problem

min J(p) ®)
4

subject to:p € P

where 7 is a constraint set. In other words, the algorithm
finds optimal solution of the parameters of the SUT, given
the input and output values of the SUT as well as the
frequency-domain model of the SUT. The constraint set
ensures that the system parameters take values that physi-
cally make sense. For example, the resistance of an electrical
resistor must be positive. For box type constraints, i.e.,
p,/ =p,=p,"**, where p, is an entry of p, one can transform
the constrained optimization problem represented by Equa-
tion (8) into an unconstrained one by applying the transfor-
mation

max _ min
pi = P+ in(p) + NP P

and minimizing J(). Similar transformations can be used
when the parameters are only partially bounded. For
example, if —co<p,<p,”**, then

Pi= PP+l B+

and if p,"”<p,=o, then

pi=pm—leqfpl+l.

Equations (4)-(6) are not explicitly included as equality
constraints, because they are solved explicitly for each w,.
In some embodiments, parameter-estimation module 206
may use both gradient-free and gradient-based optimization
methods to solve the unconstrained optimization problem.
Both methods rely on model simulations. For gradient-based
methods, in the best case scenario, the gradient vector may
be symbolically obtained. When this is not the case, possible
options can include automatic differentiation or numerical
approximations. Reasonable choices for gradient-based
optimization methods are part of the class of non-linear
least-square algorithms, such as trust-region-reflective and
Levenberg-Marquardt, which take advantage of the cost
function’s structure. Gradient-free methods can include the
Nelder-Mead algorithm, pattern search, and Powell’s algo-
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rithm with its different versions. Both the gradient evalua-
tions (in the case of gradient-based methods) and the cost
function evaluations (in the case of gradient-free methods)
can be done in parallel for each of the considered frequen-
cies.

Parameter-comparison module 206 can be responsible for
comparing the estimated parameters with the known param-
eters of the SUT. Any deviation or drifting of the parameters
can indicate fault. For example, a resistor in an electrical
system can have a certain resistance value R. However,
based on the physical model of the electrical system, the
inputs, and the outputs of the electrical system, parameter-
estimation module 202 estimates the resistance of the resis-
tor as R. Parameter-comparison module 206 compares R and
R by calculating their difference; if the difference is greater
than a threshold value, diagnosis-result-output module 208
outputs the diagnosis result, indicating the resistor being
faulty.

FIG. 3 illustrates exemplary computational operations of
estimating the parameters, according to one embodiment.
More specifically, for each frequency, the algorithm gener-
ates simulated output (Y,) and computes the gradient. The
algorithm then summarizes the computed gradient for all
frequencies. The parallel computation of the gradient for all
frequencies can significantly reduce the computational com-
plexity and increase efficiency. The computational complex-
ity can be further reduced by considering only frequencies
with significant energy concentration. In some embodi-
ments, the parameter-evaluation module can implement a
threshold scheme. The threshold scheme selects frequencies
at which sufficiently large energy concentrations in the
inputs or outputs is present (e.g., Q={w,,lU(w,)lzd or
1Y (jo,)I=d}).

The optimization problem represented by Equation (8) is
usually non-linear and non-convex. Hence, there are no
guarantees that the optimization algorithm converges to the
global minimum. There is the option of using global opti-
mization algorithms (e.g., particle swarm optimization,
genetic algorithms, and evolution strategy), but they are
usually slow.

To reduce the complexity in the optimization, in some
embodiments, the system can consider single faults only and
track, in parallel, one parameter at a time. FIG. 4 illustrates
exemplary computational operations, according to one
embodiment. In FIG. 4, a number (e.g., m) of parameters are
tracked simultaneously, and an optimization problem is
solved for each parameter p,,. After collecting the solutions
for all m optimization problems, the cost function can be
evaluated at each solution. At the final decision process, the
parameter estimate that achieves the smallest cost function
value is selected as the parameter responsible for the faulty
behavior. If two parameters induce similar cost function
values, the decision process will report both parameters as a
possible cause. This means that the available data does not
allow for distinguishing between the two parameters.

FIG. 5 presents a flowchart illustrating the exemplary
operation of a fault-diagnosis system, according to one
embodiment. During operation, the system obtains a time-
domain model of the SUT (operation 502) and converts the
time-domain model to the frequency domain (operation
504). Note that, if the SUT includes only linear components,
converting the time-domain model to the frequency domain
can be simply done using FT. However, if the SUT includes
non-linear components, a machine-learning process may be
needed to learn the behavior of the non-linear components in
the frequency domain in order to construct a frequency-
domain model of the entire SUT.
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The system can also obtain time-domain input and output
values represented as time series (operation 506). The input
values can include known operation conditions, whereas the
output values can include measurement data provided by a
number of sensors. In certain scenarios, the input values may
be also be obtained using sensors. The system converts the
time-domain input and output values to the frequency
domain (operation 508). Note that, in some embodiments,
the system needs to correct the errors caused by approxi-
mating the CFT using DFT techniques.

The system can optionally select a subset of frequencies
based on the amount of energy included in the input or
output at each frequency (operation 510). For example, a
frequency may be selected only if the input or output
magnitude at such a frequency exceeds a threshold value.

The system subsequently sets an initial set of parameters
(operation 512), and evaluates the gradient or cost function
for each frequency (operation 514). In some embodiments,
such evaluations can be done in parallel for all selected
frequencies. The system summarizes the gradient or cost
function for all frequencies (operation 516), and interac-
tively updates the parameters (i.e., repeating operations 514
and 516) until an optimal solution is reached (operation
518). Once the optimal solution has been reached, the
system compares the estimated parameters with known
parameters to output a diagnosis result (operation 520)

In the above analysis, it is assumed that the state initial
conditions and the state values at T are known. If this is not
the case, one can extend the vector of parameters to include
x(0) and x(T). Alternatively x(T) can be estimated in the
optimization procedure by simulating the time-domain
model up to time T As previously mentioned, for a large
enough T, the last term of Y(jw) is small enough to be
ignored and, hence, there will no longer be a need to know
x(T).

In some embodiments, the parameter-estimation module
can use the procedure described in FIGS. 3-5 to track the
parameter evolution over time. In practice, the parameter-
estimation module can collect time series of inputs and
outputs over time and apply the algorithms described above
to track parameters, thus achieving a semi-online optimiza-
tion-based diagnosis engine.

Filtering Methods

In some embodiments, the parameter-estimation module
may treat parameters of interest as states of the SUT and use
filters for state estimation. In further embodiments, the
parameter-estimation module can implement a particle filter
for state estimation and apply the particle filter in the
frequency domain. The particle filter is a model-based,
Monte Carlo method that approximates the conditional
probability of the state, given a set of observations. It works
well with non-linear and non-Gaussian noise. It may require,
however, a large number of particles to generate a good
approximation of the conditional probability distribution. In
a simplified model, T is assumed to be sufficiently large so
that the second term of Equation (7) does not play an
important role.

A frequency domain model can be described by:

Dy MaX{D i MNP D 14W} T ©

X=[j0d-411 ()1 XA 1200 Z~B1(p) U, (10)
0=451(p, )X+ 4220, Z,AB5(0,) Uns (1)
Y, =Re{C1 ()Xt Colp) Z, 149, 12

L =Im{ C\ ()X A Cop ) Z, )40, (13)
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Equation (9) represents the assumption that the parameter
dynamics are “roughly” constant. The min and max opera-
tors make sure the parameter values are within their physical

bounds. The vector w, ~A (0, 2, is a white Gaussian noise
with a small variance to encourage exploration of parameter
values. The model further includes a regularization noise as

well in the measurement model equation, namely v,,*~.A" (0,

2.9, with a&{re, im} and xo~N (U7, =) is a vector-
valued Gaussian random variable. The model can assume
some arbitrary distribution for p_, with mean determined
based on some initial guess for the parameter values. Note
that the index n, unlike the time domain, represents a
particular frequency, namely w,,.

The particle filter algorithm approximates the probability
pr(P,1Y,, . Y, ™) using a set of sample points {p,’},_,™
called particles. Each particle has an associated weight o,
that is updated any time new measurements are available. It
follows that the parameter estimate is computed according to
p,~Z,_"a,p,.. FIG. 6 shows a particle filter algorithm
applied in the frequency domain, according to one embodi-
ment.

As shown in line 3 of FIG. 6, new particles can be
generated based on previous value (prediction step). In
practical terms, the model first samples from the noise to
obtain w,, and then applies Equation (9) to generate new
particles. The random variable Y, Ip,’ has a Gaussian
distribution with parameters pr(Y, *lp, )y=pr(Y, X,/
Z,5~N Re{C,(p, )X, +C(p, )7},  27°. Similarly,
PI(Y, "Ip, )= (Im{C, (p, )X, +Cs(p,)Z, ), 2,.

The operations of a particle-filter-based fault-diagnosis
system can be very similar to the one shown in FIG. 5,
except that, instead of evaluating gradient or cost function
for optimization purposes, the fault-diagnosis system calcu-
lates the weight of the particles for each frequency.

Fault Detection Based on Analytic Redundancy Relations

The projection on the frequency domain of the system
dynamics generates a set of algebraic equations. These
equations can be used to produce analytical redundancy
relations (ARRs) that represent various constraints between
a set of known process variables. ARRs can be expressed as
F(U,.Y,,, p)=0, where f is a vector valued constraint map,
and the index n refers to the n” considered frequency.
Checking if the ARRs are satisfied is done through the
evaluation of a residual function, by using the actual input
and output measurements and the system parameters:
r,=eval[f(U,, Y,, p)]- Ideally, ARRs should be robust (in-
sensitive to unknown quantities), sensitive to faults, and
structured (only a subset of the ARR is not satisfied for a
given fault). The number of ARRs equals the number of
sensors, denoted by m. The decision procedure is usually
based on a binary coherence vector c=[c,, C,, . . . , C,,|, where

1, max,|ri] > & (14)

Ci =
to

where 1, is the i-th entry of the residual vector r,,.

The model can take the maximum over all frequencies to
accommodate for the possibility of the signals having little
to no energy at certain frequencies. In such a case the
residuals are trivially zero. To account for the modeling
uncertainties and the errors introduced by the CFT approxi-
mations, the thresholds need to be adaptive. A fault is
detected if ¢=[0, O, . . ., 0], that is, at least one element in

otherwise

10

15

20

30

40

45

55

60

12

the coherence vector is non-zero. A fault can be isolated by
matching the coherence vector to a binary fault signature
matrix (FSM). The FSM denoted by S embeds the structural
sensitivity of each residual to faults in the system compo-
nents. The entries of the FSM are defined as:

1, i-th residual is sensitive to j-zh component
Sji = 0 .

otherwise

A fault in a component is detectable if at least one residual
is sensitive to it. Fault isolation can be performed using the
FSM. Note that if there are too few sensors, the resulting
ARRs may not be able to differentiate among some faults.
The ideal case is when each residual is sensitive to only one
fault. This type of residual is called a structured residual. If
we try to monitor more faults than the number of sensors, we
cannot construct structured residuals. The main advantage of
ARRs is the fact that there is no longer a need to explicitly
include the fault models. A fault appears when a significant
change in the variables and parameters of a component takes
place. Therefore, a residual is affected by a component fault
if the parameters or the measurements corresponding to the
component appear in the ARR.

ARRs can be determined using a structured approach,
where a bipartite graph describes the dependence between
the variables and the constraints that define the system
behavior. If a variable appears in a constraint, then an edge
in the graph exists between them. An advantage of working
in the frequency domain is that there are no derivatives of
variables. Hence, there can be fewer constraints. The struc-
tural analysis can be done through matching on the bipartite
graph: system variables are associated with the constraints
from which they can be computed.

ARRs are generated from over-constrained subsystems
and are completely expressed when only known variables
appear (inputs, outputs and parameters). The elimination of
unknown variables can be done iteratively. At the first
iteration, we find the variables that can be computed directly
from the initial set of known variables. These found vari-
ables can then be added to the known variables set, which
can be used to express additional unknown variables at the
next iteration. The algorithm stops when all variables are
expressed in terms of inputs, outputs, and parameters. The
constraints that were unused in this process become the
ARRs. This determines a structural dependency between
known and unknown variables. This dependency may be
broken for particular choices of system parameters. Because
we are no longer constrained by the temporal causal corre-
lations between variables, we can evaluate the residual
vectors corresponding to the frequencies ,, in parallel. This
means that even when we consider a large number of
frequencies, a diagnosis solution can be reached quickly.

FIG. 7 illustrates the exemplary architecture of an ARR-
based diagnosis engine, according to one embodiment. In
FIG. 7, the residual functions can be evaluated for each
frequency in parallel, and coherence factor ¢ can be evalu-
ated based on the residual functions. The resulting coherence
factor can then be used for matching elements in the FSM in
order to achieve a diagnosis result.

The operations of an ARR-based fault-diagnosis system
can be very similar to the one shown in FIG. 5, except that,
instead of evaluating gradient or cost function for optimi-
zation purposes, the fault-diagnosis system evaluates the
residual vector for each frequency based on the ARRs.
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Fault Diagnosis Example

This section presents a practical example where fault
diagnosis is performed for a DC motor. FIG. 8 shows the
modeling diagram of a DC motor. The frequency-domain
model of the DC motor can be expressed using the following
equations:

RIL—Vg =0 (A)

. 1 . (B)

Jowl - ZVL =i

Vo +Vep+V,=U ©

V,-k®=0 D)

T, -kl =0 ©)
1 F

jwo- L1, 20, ®
7

T;—d®=0 @)

Ty +T;-T,=0 (H)

where U is the input voltage; I, is the current through the
resistor, inductor, and the EMF components; Vg, V;,and V,
are the voltages across the resistor,_ inductor, and EMF
component, respectively. In addition, © is the angular veloc-
ity of the inertia, damper, and EMF; T, is the EMF’s
electromagnetic torque; T, is the torque applied to the
inertial component; and T, is the torque loss due to the
damper. The system’s states are X=[I,, ]%, and the alge-
braic variables are Z=[V,, V,, V_, T, T, T % For refer-
ence purposes, the model equations (constraints) are named
as Equations A-H. The default (known) model parameters
include: R=1 Ohm, L=0.5 H, k=0.01, J=0.01 Kg':m? and
d=0.1 N-m-s, where R is the resistor value, L the inductance
value, k the electromotive force constant, J the moment of
the inertia, and d the friction constant.

In the example, the input can include both steady state and
harmonic components: u(t)=Ay+A, sin(Q2wf t)+A, sin
(2mtf ,t), where A=50, A,=A,=10, f,=5 Hz and f,=10 Hz.
FIG. 9 shows the magnitudes of the input and output of the
DC motor in the frequency domain. To obtain the frequency-
domain signals, the time series of the input and output were
sampled at 1000 Hz over a time window of 25 s, with zero
initial conditions. Although small, the output magnitudes at
5 Hz and 10 Hz are non-zero. As expected the majority of
the signal energy is concentrated at low frequencies. In the
following discussion, the transient part of the simulated
output (second term of Equation (7)) can be ignored.

In some embodiments, a fault-diagnosis system can use
an optimization algorithm (e.g., the trusted-region-reflective
non-linear least square algorithm) to estimate the system’s
parameters. The optimization procedure can be similar to the
one shown in FIG. 3. In the example, only frequencies for
which either the imaginary or the real parts of the input or
the output signals are greater than 10 are considered, result-
ing in a total of 118 frequencies. The initial values of the
parameters can be chosen as their default values. In some
embodiments, the fault-diagnosis system may consider the
single-fault case by tracking each parameter separately. This
means that the system runs five optimization algorithms in
parallel. Each of the algorithms estimates one single param-
eter from the set {R, L, k, J, d}. FIG. 10 displays two tables
showing the optimization results, according to one embodi-
ment.
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The top table (Table I) in FIG. 10 depicts the real
parameter values versus the estimated ones {R, [, k.J, d}.
Each row shows the optimization results when using data
generated by a particular parameter. For example, the first
row shows the optimization result using experimental data
generated using the particular resistance value R, with all
other parameters remaining their default values. Similarly,
the second row shows the optimization result using experi-
mental data generated using the particular inductance value
L, with all other parameters remaining their default values.

The bottom table (Table 1I) in FIG. 10 presents the cost
functions computed at the estimated parameter values,
namely J(p), where pE{R L, k, 1, d} is the estimated
parameter value. The rows in Table II correspond to the rows
in Table I.

As the tables show, the optimization algorithms tracking
the parameter responsible for the fault generate the lowest
cost values. Hence, diagnosis decisions can be easily made.
For example, in the first row of Table II, the cost function
J (R) is the smallest, indicating that the resistor is the faulty
component. In addition, the parameter estimates are almost
identical to the parameter values that generated the “experi-
mental” data. Therefore, for the single fault case this is an
effective diagnosis method. To be comparable, the optimi-
zation algorithms used the same hyper-parameter values.
Tracking all parameters simultaneously will not necessarily
provide correct results since the faults are not distinguish-
able using the available output.

In some embodiments, the fault-diagnosis system can
implement a particle filter, using an algorithm similar to the
one shown in FIG. 6, in the frequency domain to estimate the
parameters of the DC motor. Note that the implementation
of the particle filter in the frequency domain requires the use
of complex arithmetic. The real and imaginary parts essen-
tially double the number of dimensions. The parameters of
the particle filter are the variance of the process noise g, ,
the variances of the sensor noise o, " and o, ", the number
of particles Ns and the frequency step Ay Together they
determine the convergence properties of the filter. As in the
example shown in FIG. 10, the output of the DC motor is the
angular velocity 0. In real-life scenarios, the angular velocity
of'a DC motor can be obtained using a sensor coupled to the
DC motor. Also note that the DC motor is a relatively simple
system that has only one input (i.e., the input voltage) and
one output (i.e., the angular velocity). Other more complex
systems (e.g., airplane engines or wind turbines) may have
multiple inputs and/or multiple outputs.

In one experiment, only one parameter (e.g., the resis-
tance of the resistor) is estimated at a time, and the number
of particles is fixed to Ns=100. FIG. 11 shows the perfor-
mance of a particle filter for estimation of a single fault,
according to one embodiment. More specifically, curve 1102
indicates estimated resistance values, whereas straight line
1104 indicates the injection of fault (i.e., fault occurs at this
resistance value). From FIG. 11, one can see that very good
convergence properties can be achieved even for the small
number of particles. In this example, the frequency step is
fixed as Ay=50 mHz in all particle filter experiments.

FIG. 12 presents a table indicating the cost of the particle
filters for the various single-fault scenarios, according to one
embodiment. More specifically, Table 111 shows the cost J of
the particle filters for estimating single parameters. The
“true” parameter values are the same as those in Table II.
Table I1I also presents the process noise associated with each
fault variable. The sensor noise variance has been kept small
in all experiments. More specifically, o, =0, "”*le 7. The
results show that the estimation error for smgle faults is
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always small and that the particle filter performs well for all
possible single-fault, single-parameter estimation problems.

In some embodiments, a particle filter may also be used
to estimate two fault variables. FIG. 13 shows the perfor-
mance of a particle filter for estimating two fault variables,
according to one embodiment. In the example shown in FIG.
13, the particle filter jointly estimates 7 and k. In this
example, the particle number is set as: Ns=1000 particles. As
one can see from FIG. 13, the convergence rate for k is better
than the convergence of 1. This can be due to the different
effects of each fault on the output. More specifically,
changes in k show larger changes in the output. The advan-
tage of using a particle filter for fault diagnosis is that it is
straightforward to implement and does not need Jacobian
matrices.

In alternative embodiments, the fault-diagnosis system
can implement ARR-based diagnosis algorithms to diagnose
faults in the DC motor. More specifically, the architecture of
the diagnosis engine can be similar to the one shown in FIG.
7. The number of ARRs is given by the number of sensors,
denoted by N z. As a result, the maximum number of
modes that can be differentiated is 2V4% In the current
example, at least two sensors are coupled to the DC motor
to measure the angular velocity 0 and the resistor voltage
V. Hence, up to four modes can be distinguished. One can
assume the initial conditions i,, and 6, are known. The
ARRs follow by solving for the unknown variables using the
least number of steps. The set of the unknown and known
variables are {I,, V,, V_, T, T }; and {V,, U, 0, i,,, 6,},
respectively. To eliminate the unknown variables, one can
first construct the incidence matrix of the model, and then
apply the causal matching on the incidence matrix to solve
for the unknown variables. FIG. 14A shows steps in the
casual assignment propagation, according to one embodi-
ment. More specifically, the steps are numbered sequentially
in FIG. 14A. In the first step, I;, V,, T,, and T, can be
computed from the constraint Equations (A), (D), (F), and
(G), respectively. In the second step, with the augmented set
of known variables, the last two unknown variables V; and
T, are determined from constraint Equations (B) and (E),
respectively. Once a path to compute all unknown variables
has been determined, constraint Equations (C) and (H) can
be identified as the ARRs, because they were not used for
computing the unknown variables. Hence, the residuals used
for generating the coherence vectors are r,ql:VL,n+VR,n+
V,,-U,, and 1,><T, +T, -T, ., where index n refers to
frequency w,,. The entries of the coherence vector can be
computed according to formula (14).

The final step is the construction of the FSM. To do so one
needs to find the parameters to which the two ARRs are
sensitive. A simple way to determine this sensitivity is to
look at each variable in the ARRs and determine if, in the
process of computing it, a certain parameter was used or not.
For example, Equation (C) is sensitive to R, L and k. Indeed,
V, is computed from Equation (D), which depends onk. On
the other hand, V; is determined from Equation (B), which
depends on L and ;. Finally, I, is computed from Equation
(A), which involves R.

FIG. 14B shows the constructed FSM, according to one
embodiment. As expected, with only two sensors there will
be some ambiguity when diagnosing parameter drifts. In
particular, the signatures corresponding to parameters R and
k are identical. A similar situation can be found in the case
of parameters J and d. Note that the FSM is valid for all
frequencies. When making a diagnosis, we compute the
residual vectors for each frequency. A fault is declared if a
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signature corresponding to a fault mode is found for at least
one frequency. All computations are executed using com-
plex number arithmetic.

Note that here the diagnosis operation is performed for a
simulated system instead of a real physical system. The
outputs are simulated outputs. Because DFTs are used to
approximate the CFTs in the simulation and the transient
part of the simulated output (second term of Equation (7)),
the nominal residuals will not be zero. Hence, one needs to
determine threshold values applied in Formula (14). By
simulating the model in the nominal case, we selected d,=4
and 6,=0.005. Note that one needs to care about the maxi-
mum values of the nominal residuals, which will be used as
fault triggers.

Simulated faulty DC motors can be constructed using
parameter values different from their default values. The
ARR-based diagnosis engine can be used to detect and
distinguish between the fault modes. FIGS. 15A-15C show
the computed residuals in the frequency domain, according
to one embodiment. In each figure, the top and bottom
drawings show the residuals corresponding to constraint
Equations (C) and (H) (i.e., r* and r?), respectively. More
specifically, FIGS. 15A-15C show the residuals for faulty
parameters R, I and I, respectively. The straight lines in the
top and bottom drawings of each figure represent 9, and 9,,
respectively. The coherence vector ¢ is shown in each
drawing as well.

From FIGS. 15A-15C, one can see that indeed the coher-
ence vector matches what is expected from the FSM for the
different fault modes. For example, in the scenario shown in
FIG. 15A, the fault mode involves a faulty R. According to
the FSM shown in FIG. 14B, the coherence vector is [1, 1],
which matches the coherence vector generated based on the
residuals shown in FIG. 15A. Similarly, in the scenario
shown in FIG. 15B, the faulty parameter is L. According to
the FSM shown in FIG. 14B, the coherence vector is [1, 0],
which matches the coherence vector generated based on the
residuals shown in FIG. 15B. This demonstrates that even
with the errors introduced by the numerical approximations,
the ARR approach in the frequency domain can ensure
accurate diagnosis results. Benefits provided by the ARR
approach can include that it works with algebraic equations
only. Moreover, the ARR approach can provide insights into
the sensitivity of the residuals with respect to the system
parameters in the frequency domain.

Exemplary Computer and Communication System

FIG. 16 illustrates an exemplary computer and commu-
nication system that facilitates model-based diagnosis in the
frequency domain, in accordance with an embodiment of the
present invention. A computer and communication system
1602 includes a processor 1604, a memory 1606, and a
storage device 1608. Storage device 1608 stores a model-
based diagnosis application 1610, as well as other applica-
tions, such as applications 1612 and 1614. During operation,
model-based diagnosis application 1610 is loaded from
storage device 1608 into memory 1606 and then executed by
processor 1604. While executing the program, processor
1604 performs the aforementioned functions. Computer and
communication system 1600 is coupled to an optional
display 1616, keyboard 1618, and pointing device 1620.

In general, embodiments of the present invention provide
a system and method for fault diagnosis in a complex
physical system that can include multiple -electrical,
mechanical, and fluid components. It is assumed that a
time-domain model of the physical system is available. By
converting the time-domain model to a frequency-domain
model and by performing the model parameter optimization
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in the frequency domain, embodiments of the present inven-
tion allow for parallelization of the computation, thus sig-
nificantly increasing the computation efficiency. In some
embodiments converting a time-domain model to the fre-
quency domain may involve using FT to convert the time-
domain model of the linear components to the frequency
domain and using a machine-learning method (e.g., imple-
menting a neural network) to learn the frequency domain
behavior of the one or more non-linear components included
in the system. Input and output signals of the system also
need to be converted to the frequency domain in order to be
used in the frequency-domain optimization. In some
embodiments, DFT can be used to approximate CFT for
converting the time-domain input and output signals to the
frequency domain. A large enough time window and a
sufficiently high sampling frequency can ensure a suffi-
ciently close approximation. In this disclosure, three differ-
ent optimization approaches (e.g., optimization-based, par-
ticle-filter-based, and ARR-based) were introduced to
diagnose faults, more specifically, parametric faults. How-
ever, the scope of this disclosure is not limited by the actual
optimization approach used as long as the optimization is
performed in the frequency domain.

The methods and processes described in the detailed
description section can be embodied as code and/or data,
which can be stored in a computer-readable storage medium
as described above. When a computer system reads and
executes the code and/or data stored on the computer-
readable storage medium, the computer system performs the
methods and processes embodied as data structures and code
and stored within the computer-readable storage medium.

Furthermore, the methods and processes described above
can be included in hardware modules or apparatus. The
hardware modules or apparatus can include, but are not
limited to, application-specific integrated circuit (ASIC)
chips, field-programmable gate arrays (FPGAs), dedicated
or shared processors that execute a particular software
module or a piece of code at a particular time, and other
programmable-logic devices now known or later developed.
When the hardware modules or apparatus are activated, they
perform the methods and processes included within them.

The foregoing descriptions of embodiments of the present
invention have been presented for purposes of illustration
and description only. They are not intended to be exhaustive
or to limit the present invention to the forms disclosed.
Accordingly, many modifications and variations will be
apparent to practitioners skilled in the art. Additionally, the
above disclosure is not intended to limit the present inven-
tion. The scope of the present invention is defined by the
appended claims.

What is claimed is:

1. A method for diagnosing faults in a physical system,
comprising:

obtaining a time-domain model of the physical system,

wherein the time-domain model comprises a first set of
equations associated with one or more time-domain
model parameters having known values;

converting the time-domain model to frequency domain

to obtain a frequency-domain model of the physical
system, wherein the frequency-domain model com-
prises a second set of equations associated with a
plurality of frequency-domain model parameters,
wherein converting the time-domain model to the fre-
quency-domain model comprises computing a first
frequency-domain model parameter based on the one or
more time-domain model parameters and determining a
second frequency-domain model parameter based on a
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machine-learning model that is trained using training
data generated based on the time-domain model;
obtaining time-domain input and output signals;
converting the time-domain input and output signals to
frequency domain to obtain frequency-domain input
and output signals;
identifying a frequency-domain model parameter having
an expected value that is different from a known value
based on the frequency-domain model and the fre-
quency-domain input and output signals; and
generating a diagnostic output indicating a component
within the physical system being faulty based on the
identified frequency-domain model parameter.

2. The method of claim 1, wherein the time-domain model
comprises at least one non-linear component.

3. The method of claim 1, wherein identifying the fre-
quency-domain model parameter comprises one of:

applying an optimization algorithm;

applying a particle filter formulated in frequency domain;

and

generating a fault signature matrix using analytical redun-

dancy relations derived from the frequency-domain
model.

4. The method of claim 1, wherein identifying the fre-
quency-domain model parameter comprises:

selecting a set of frequencies; and

performing computation in parallel for each frequency

within the selected set of frequencies, wherein output
signals of the frequency-domain model at a respective
frequency depend only on input signals at the respec-
tive frequency.

5. The method of claim 4, wherein selecting the set of
frequencies comprises:

in response to magnitude of the frequency domain input

or output signals at a particular frequency exceeding a
predetermined threshold value, adding the particular
frequency to the selected set of frequencies.

6. The method of claim 1, wherein identifying the fre-
quency-domain model parameter comprises determining
whether a difference between the expected value and the
known value of the frequency-domain model parameter is
greater than a predetermined threshold.

7. A non-transitory computer-readable storage medium
storing instructions that when executed by a computer cause
the computer to perform a method for diagnosing faults in a
physical system, the method comprising:

obtaining a time-domain model of the physical system,

wherein the time-domain model comprises a first set of
equations associated with one or more time-domain
model parameters having known values;
converting the time-domain model to a-frequency domain
to obtain a frequency-domain model of the physical
system, wherein the frequency-domain model com-
prises a second set of equations associated with a
plurality of frequency-domain model parameters,
wherein converting the time-domain model to the fre-
quency-domain model comprises computing a first
frequency-domain model parameter based on the one or
more time-domain model parameters and determining a
second frequency-domain model parameter based on a
machine-learning model that is trained using training
data generated based on the time-domain model;

obtaining time-domain input and output signals;

converting the time-domain input and output signals to
the frequency domain to obtain frequency-domain
input and output signals;
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identifying a frequency-domain model parameter having
an expected value that is different from a known value
based on the frequency-domain model and the fre-
quency-domain input and output signals; and

generating a diagnostic output indicating a component
within the physical system being faulty based on the
identified frequency-domain model parameter.

8. The non-transitory computer-readable storage medium
of claim 7, wherein the time-domain model comprises at
least one non-linear component.

9. The non-transitory computer-readable storage medium
of claim 7, wherein identifying the at least one model
parameter comprises one of:

applying an optimization algorithm;

applying a particle filter formulated in the frequency

domain; and

generating a fault signature matrix using analytical redun-

dancy relations derived from the frequency-domain
model.

10. The non-transitory computer-readable storage
medium of claim 7, wherein identifying the frequency-
domain model parameter comprises:

selecting a set of frequencies; and

performing computation in parallel for each frequency

within the selected set of frequencies, wherein output
signals of the frequency-domain model at a respective
frequency depend only on input signals at the respec-
tive frequency.

11. The non-transitory computer-readable storage
medium of claim 10, wherein selecting the set of frequencies
comprises:

in response to magnitude of the frequency domain input

or output signals at a particular frequency exceeding a
predetermined threshold value, adding the particular
frequency to the selected set of frequencies.

12. The non-transitory computer-readable storage
medium of claim 7, wherein identifying the frequency-
domain model parameter comprises determining whether a
difference between the expected value and the known value
of the at least one model parameter is greater than a
predetermined threshold.

13. A fault-diagnosis system for diagnosing faults in a
physical system, the system comprising:

a processor; and

a storage device coupled to the processor and storing

instructions, which when executed by the processor

cause the processor to perform a method, the method

comprising:

obtaining a time-domain model of the physical system,
wherein the time-domain model comprises a first set
of equations associated with one or more time-
domain model parameters having known values;
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converting the time-domain model to a-frequency
domain to obtain a frequency-domain model of the
physical system, wherein the frequency-domain
model comprises a second set of equations associ-
ated with a plurality of frequency-domain model
parameters, wherein converting the time-domain
model to the frequency-domain model comprises
computing a first frequency-domain model param-
eter based on the one or more time-domain model
parameters and determining a second frequency-
domain model parameter based on a machine-learn-
ing model that is trained using training data gener-
ated based on the time-domain model;
obtaining time-domain input and output signals;
converting the time-domain input and output signals to
frequency domain to obtain frequency-domain input
and output signals;
estimating expected values of the frequency-domain
model parameters based on the frequency-domain
model and the frequency-domain input and output
signals;
identifying a frequency-domain model parameter hav-
ing an expected value that is different from a known
value; and
generating a diagnostic output indicating a component
within the physical system being faulty based on the
identified frequency-domain model parameter.
14. The system of claim 13, wherein the time-domain
model comprises at least one non-linear component.
15. The system of claim 13, wherein estimating the
expected values of the parameters comprises:
applying an optimization algorithm;
applying a particle filter formulated in the frequency
domain; or
generating a fault signature matrix using analytical redun-
dancy relations derived from the frequency-domain
model.
16. The system of claim 13, wherein estimating the
expected values of the parameters comprises:
selecting a set of frequencies; and
performing computation in parallel for each frequency
within the selected set of frequencies, wherein output
signals of the frequency-domain model at a respective
frequency depend only on input signals at the respec-
tive frequency.
17. The system of claim 16, wherein estimating the
expected values of the parameters comprises:
in response to magnitude of the frequency domain input
or output signals at a particular frequency exceeding a
predetermined threshold value, adding the particular
frequency to the selected set of frequencies.
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